Abstract-The versatility of the three-dimensional (3-D) finitedifference time-domain (FDTD) method to model arbitrarily inhomogeneous geometries is exploited to simulate realistic groundpenetrating radar (GPR) scenarios for the purpose of assisting the subsequent designs of high-performance GPR hardware and software. The buried targets are modeled by conducting and dielectric prisms and disks. The ground model is implemented as lossy with surface roughness, and containing numerous inhomogeneities of arbitrary permittivities, conductivities, sizes, and locations. The impact of such an inhomogeneous ground model on the GPR signal is demonstrated. A simple detection algorithm is introduced and used to process these GPR signals. In addition to the transmitting and receiving antennas, the GPR unit is modeled with conducting and absorbing shield walls, which are employed to reduce the direct coupling to the receiver. Perfectly matched layer absorbing boundary condition is used for both simulating the physical absorbers inside the FDTD computational domain and terminating the lossy and layered background medium at the borders.
I. INTRODUCTION
O NE PURPOSE of performing ground-penetrating radar (GPR) simulations is to simultaneously develop novel GPR configurations and detection algorithms for practical applications [1] - [3] . Results of GPR simulations can be used for this purpose. However, it should be anticipated that the effectiveness of the GPR hardware and detection algorithms in real-life applications will be limited by how accurately the simulations can model the actual GPR environment. Therefore, this paper focuses on the electromagnetic simulations of realistic GPR scenarios.
Detection algorithms are developed and used to discriminate between the buried targets and other inhomogeneities embedded in the ground. Hence, if the simulation results are to be used in the development of the detection algorithms, the heterogeneous nature of the ground should be included in the simulated model, in addition to the other details of the GPR environment. Because of its flexibility in modeling arbitrary inhomogeneities and nonuniformly layered media, the three-dimensional (3-D) finite-difference time-domain (FDTD) method [4] is chosen to simulate the GPR problem in this paper. Indeed, the FDTD method has proven to be one of the most popular techniques reported in the literature to simulate GPR problems. In Manuscript received June 7, 2000 ; revised December 8, 2000 . The authors are with the Department of Electrical and Electronics Engineering, Bilkent University, TR-06533 Bilkent, Ankara, Turkey (e-mail: lgurel@ee.bilkent.edu.tr).
Publisher Item Identifier S 0196-2892(01)04838-0. most of those reports, the ground is modeled as a homogeneous, conductive, and dielectric medium [5] - [12] . In this work, results of GPR simulations including more realistic ground models are presented, where the ground models are implemented to contain loss, surface roughness, and an arbitrary number of inhomogeneities of randomly assigned permittivities, conductivities, sizes, and locations. The details of such realistic ground models are given in Section III.
As shown in Fig. 1 , the radar unit and the target(s) are also important elements of a GPR problem. Therefore, their models have to be as realistic as the ground model, too. The radar unit contains transmitting and receiving antennas that are isolated from each other by conducting shields coated with absorbers [9] , [10] . The perfectly matched layer (PML) absorbing boundary condition (ABC) [13] - [16] is used to simulate these physical absorbers inside the FDTD computational domain. The details of the radar unit are described in Section II. The PML ABC is also utilized to terminate the FDTD computational domain at the borders by matching all layers of background [8] , [17] , be it lossy or lossless. The buried targets are modeled as conducting and dielectric prisms and disks of arbitrary sizes, permittivities, and conductivities. The air is modeled as free space (vacuum).
II. RADAR UNIT
The simple GPR unit depicted in Fig. 2 contains a transmitting and a receiving antenna. The GPR unit travels above the ground-air interface, at a fixed elevation. The transmitter (T) generates the fields, which propagate toward and penetrate the ground with a particular polarization. The receiver (R) collects and samples the fields with the same polarization.
0196-2892/01$10.00 © 2001 IEEE Fig. 2 . Transmitter-receiver configuration of the radar unit. The total received signal is an aggregate of three signals: the direct signal (D) coupled from the transmitter to the receiver, the signal reflected from the ground (G), and the signal scattered by the buried target (S).
The transmitting antenna selected in this work is an -polarized dipole, modeled by a single Yee cube of constant current density. The time variation of this current source is given by [14] (1) where , is the center frequency of the pulse, and is the sampling interval in space. This source function is preferred for its very small dc content and its time-and bandlimited character. For all of the simulation results presented in this paper, 500 MHz, and the sampling intervals in space and time are selected as 5 mm and 9 ps, respectively.
The receiver is also modeled as a small dipole that samples the component of the electric-field function with a sampling period of in time. When the radar unit is stationary and the receiver collects data at a point in space for successive instants of time, this is called an A-scan, and the resulting data is denoted as (2) A B-scan is obtained by performing repeated A-scan measurements at discrete points on a linear path, as illustrated in Fig. 1 . For example, if the radar unit moves in the direction, the collected B-scan data is denoted as (3) Similarly (4) denotes the data collected on a rectangular grid of discrete points on a constant plane. This measurement is called a C-scan and can be considered as combining several B-scans.
In the transmitter-receiver (TR) configuration, the receiving antenna collects not only the fields scattered from the target (S), but also the direct signal coupled from the transmitter (D), and the signal reflected from the ground (G). The main problem faced in the TR configuration is that the D signal is too large with respect to the desired S signal.
When the D, G, and S signals are superposed at the receiver location to make up the total signal , the energy of the S signal constitutes a very small portion of the total received energy. Therefore, it is quite hard to detect the scattered signal in the total received signal. In this paper, in order to overcome this difficulty, the transmitting and the receiving antennas are isolated using conducting walls supported by PML absorbers [9] , [10] . These shield walls enclose the two antennas in two chambers, leaving only the bottom faces of the chambers open, as displayed in Fig. 3 . Using bare conducting walls yields large and slowly-decaying oscillations due to the resonance effects. In practice, these resonance effects are prevented by mounting high-frequency absorbers on the inner walls of shield walls. However, FDTD simulations of such novel materials become computationally expensive since these high-performance absorbers maintain rapidly decaying electromagnetic fields in a small thickness. Therefore, the inner faces of the conducting shield walls are coated with four-cell-thick PML absorbers. That is, such high-performance physical absorbers are simulated using the PML ABC in this paper. Note that the sides of the PML absorbers must also be covered by conducting shields, in order not to violate the electromagnetic boundary conditions on these side surfaces. Fig. 3 displays the geometry of the GPR model, as well as its near-field pattern, obtained by the observation of the maximum values of the component of the electric field on a -plane. Although the radiation pattern of a small dipole is isotropic around its axis, Fig. 3 demonstrates that the chamber model maintains good directivity toward the ground. This directivity reduces the coupling to the receiver, enhancing the detectability of the scattered signals. From this point of view, the small dipole placed in a conducting chamber, with PML ABCs mounted on the inner walls, can be regarded as a new antenna, designed especially for computational studies. This new antenna simulates practical GPR antennas with near-field patterns similar to the one shown in Fig. 3 . More information about this novel GPR model can be found in [9] and [10] . 
III. REALISTIC GROUND MODELS
In this section, the shielded GPR configuration introduced in the previous section is used in the simulations of various scenarios involving realistic ground models. In all of the following simulations, the center frequency of the source is fixed at 500 MHz and the permittivity of the ground is 8 . Conductivity, heterogeneity, and the surface roughness of the ground are investigated as parameters affecting the detection of the buried target.
A. Conductive Ground Models
One main difficulty that practical GPR systems face is the humidity of the soil. Since wet soils are lossy, they are modeled by conductive media in the FDTD method. The conductivity of the ground affects both G and S signals. The higher the conductivity, the larger the reflected signal from the ground-air interface. In addition to increasing the reflectivity of the interface, higher conductivity of the ground increases the loss, which, in turn, diminishes the S signal propagating down and up in the lossy ground. Moreover, a larger G signal contributes to the longer tail of the total received signal. All of these effects make it harder to detect the S signal in the total received signal, and thus, to detect the buried targets in wet soils. However, the more important impact of the ground conductivity is on the S signal, which is the signal scattered from the target.
The decay of the S signal in lossy grounds is demonstrated by four simulations, with results shown in Fig. 4 
B. Heterogeneous Ground Models
An invariable feature of real-life soils is heterogeneity, which should be represented in a realistic ground model. Without using the simulation results containing some inhomogeneities altering the idealized nature of the ground model, it becomes a futile effort to develop a meaningful detection algorithm that will perform well over real-life soils.
An example of a realistic ground model is depicted in Fig. 5 . This model is formed by simulating small scatterers embedded in the ground. The sizes, locations, and material properties of these inhomogeneities are determined randomly within preset limits. For example, the maximum dimensions of the inhomogeneities are 4 (2 cm), 4 (2 cm), and 2 (1 cm) in the , , and directions, respectively. The cross-sectional view of Fig. 5(c) shows that three different types of inhomogeneities are placed in three separate levels of the ground. In the first level (L1), surface roughness is simulated by creating 20 small holes. These holes are implemented by selecting the permittivity of the randomly distributed boxes as . In the second level (L2), a part of the ground that is assumed to host 25 relatively more conductive objects, e.g., plant roots, is simulated. The thickness of L2 is 5 (2.5 cm). The third and the deepest level (L3) contains the actual target surrounded by 50 scatterers with relatively lower conductivities. All inhomogeneities in L2 and L3 have randomly selected permittivity values between and 16 . The ranges of random conductivities of the scatterers in L2 and L3 are 0.1/0.2 S/m and 0.03/0.04 S/m, respectively.
C. Simulation Results of Heterogeneous Ground Models
The ground model illustrated in Fig. 5 is used in two simulations, whose unprocessed (raw) B-scan results are given in Fig. 6 . In both simulations, the radar unit travels above the ground at an elevation of 2.5 cm, and the target is buried 5 cm under the ground. Fig. 6 (a) and (b) display raw data of total received signals obtained in the two simulations, where the targets are selected as a perfectly conducting disk and a dielectric disk with permittivity 3 , respectively. Both disks, which have diameters of 10 (5 cm) and heights of 8 (4 cm), are accurately modeled using the contour path method [18] . The ground model has a conductivity of 0.01 S/m and a permittivity of 8 . Both simulation results are given as gray-scale images. The horizontal axes in these images represent the radar position, while the vertical axes represent the time steps ( ), which can also be interpreted as the depth into the ground. For each target, the maxima of the B-scan electric-field values are displayed in the title of the corresponding plot.
Additionally, two energy plots are given with each B-scan image in Fig. 6(a) and (b) . The first of these plots is the one below the B-scan image, displaying the cumulative energy received at each GPR position on the path. The displayed energy values are computed by summing the square of the normalized electric-field values observed at each time step of the corresponding A-scan, that is (5) where the normalization factor is the maximum of the B-scan electric-field data. The second energy plot is placed to the right of the B-scan image. This plot displays the summation of the square of the discrete normalized electric-field values observed at a particular time step of each A-scan, given by (6) The summation in (6) can also be considered as the cumulative energy at a particular level of the ground. The plots of (5) and (6) are, respectively, named as constant-position and constant-depth energy plots in this work.
Comparison of Fig. 6 (a) and (b) reveals the following points.
• The reflection from the ground surface dominates the raw data, forming a black strip between the time steps 100 and 150.
• The conducting disk produces a slightly higher reflection than the dielectric disk, and the signals reflected from it can be observed in Fig. 6 (a) between time steps 200 and 300 and locations 20 and 30 .
• The same visual detection of the conducting disk can also be made on the constant-position energy plot, which displays a hint of a local maximum corresponding to the buried target, when the GPR unit is between locations 20 and 30 .
• It is not possible to visually detect the dielectric disk from the raw data, as apparent from Fig. 6 (b).
• The cumulative energy at the ground-air interface, represented by the maxima in each constant-depth plot, are highly dominant, and it is hard to visually detect either one of the buried targets from these plots. 
D. Simple Detection Algorithm
The results of the previous section demonstrate that, even though the shielded GPR configuration is used to boost the S signal with respect to the signal, visual detection of the target in the raw data is not always possible. This may be due to various reasons, such as the depth of the target, the loss of the ground, or the surface roughness of the ground-air interface. Since these practical situations can always be possible, well-designed GPR systems almost never rely on visual detection. Instead, they employ detection algorithms implemented in the software with the purpose of amplifying and isolating the S signal and suppressing the signal as much as possible, much like the shielded GPR configuration aims to achieve the same in the hardware.
The perfect detection algorithm should completely subtract the signal from the total received signal to obtain the cleanest possible S signal. However, it is not possible to obtain the signal for every practical ground sample, especially when the ground is inhomogeneous. An alternative is to opt for an imperfect detection algorithm that will approximate the signal reasonably accurately even for heterogeneous soils. One of the simpler versions of such an algorithm can be developed by approximating the signal through an averaging process. Assuming that an area of a representative sample of the ground located away from the target, a C-scan can be performed over this area. Since the ground is not uniform, each A-scan signal constituting the C-scan data should be different. The recorded signals can be averaged into a single reference signal obtained by (7) The denominator in (7) is the number of A-scan signals included in the averaging. Once this reference signal is obtained as an approximation to the signal, it can be subtracted from any A-scan signal to approximate the S signal. The resultant difference signal (8) is completely free from the D signal and does not contain most of the G signal. It is possible to develop more sophisticated detection algorithms. However, this simple algorithm is sufficient for the purposes of this paper.
E. Simulation Results with Simple Detection Algorithm
Applying the aforementioned detection algorithm to each A-scan signal in Fig. 6(a) and (b) , the resultant B-scan images and energy plots given in Fig. 7(a) and (b) are obtained for the conducting and dielectric disks, respectively. Comparison of the processed and unprocessed simulation results of the conducting disk (buried under the ground model of Fig. 5) clearly reveals that the simple detection algorithm successfully removes most of the D and G signals from the total signal. While it is hard to visually detect the scattered signals on the B-scan image given in Fig. 6(a) , the same signals are apparent in the processed B-scan image shown in Fig. 7(a) . The amplitude of the removed signal can be estimated by comparing the maximum values observed in the raw and processed data, given in the titles of the two B-scan images of Figs. 6(a) and 7(a). The position and depth of the buried target can be precisely deduced from the maxima in the cumulative energy plots of Fig. 7(a) .
The impact of the simple algorithm is better illustrated comparing the raw and the processed data obtained from the simulation of the dielectric disk. Although it is not at all possible to visualize the dielectric disk from the raw data images displayed in Fig. 6(b) , the simple algorithm makes the detection of the dielectric disk possible, as shown in Fig. 7(b) . The signals scattered from the target produce clear peaks in the correct radar-position and depth values of the cumulative energy plots. The scattered energy is smaller compared to the energy scattered from the conducting disk, causing the peak corresponding to the ground-air interface in the constant-depth plot appear higher.
In order to make the ground model even more realistic and test the detection algorithm under more difficult circumstances, the number of inhomogeneities in the heterogeneous ground model of Fig. 5 is quadrupled to reach the geometry illustrated in Fig. 8 . This model contains 80 holes in L1, 100 highly lossy scatterers in L2, and 200 slightly lossy inhomogeneities in L3. Apart from four times higher density of the random holes and scatterers, all of the parameters of the geometry are the same as those of Fig. 5 .
The simulation results of a conducting disk and a dielectric disk with permittivity 3 , buried in the ground model of Fig. 8 , are displayed in Fig. 9(a) and (b) , respectively. Fig. 9 (a) demonstrates that the scattered signals from conducting disk are not affected by the highly heterogeneous ground model. The B-scan image clearly depicts and the energy plots successfully indicate the depth and position of the conducting disk. However, the same argument does not hold for the dielectric disk. The scattered signals are hardly visible in the B-scan image in Fig. 9(b) . The energy peak in the constant-position plot is not as clear as the peak in Fig. 9(a) . The peak corresponding to the inhomogeneities at the interface are larger than the peak produced by the dielectric target in the constant-depth energy plot in Fig. 9(b) . Only the trained eyes would be able to visually detect the target in this very heterogeneous ground model despite the use of both shielded GPR and simple detection algorithm.
1) Ground Model with a Smooth Surface:
One important observation made on the constant-depth energy plot in Fig. 9(b) is that the dominant noise caused by the inhomogeneities correspond to the ground-air interface. In order to further investigate the effect of the surface roughness, the ground model is slightly modified. The holes in the previous model are moved one cell below the ground-air interface. That is, they are no longer holes, but air bubbles under the interface, instead. Apart from this minimal modification, the number and density of the inhomogeneities and all other parameters of the ground model are kept the same. Fig. 10 shows the simulation results obtained with a dielectric disk of permittivity 3 buried in this modified ground model with no surface roughness. The results displayed in Fig. 10 are much better than the results given in Fig. 9(b) . The scattered signals are clearly visible in the B-scan image, and the position and depth of the target can be easily deduced from the two energy plots in Fig. 10 . The difference between the results displayed in Figs. 9(b) and 10 is attributed to the absence of the holes on the surface of the ground model.
2) Ground Model with Larger Heterogeneities:
In order to demonstrate that the detection process is affected not only by the quantity, but also the size of the heterogeneities, the ground model in Fig. 5 is altered by substituting larger scatterers instead of the small objects. This new ground model is depicted in Fig. 11 . This model contains statistically distributed surface holes (in level 1) as wide as the main target, and dielectric objects, with dimensions comparable to those of the target, embedded in the ground. The ground model in Fig. 11 is used in two simulations, with results presented in Fig. 12(a) and (b) . The first one is the simulation result of a perfectly conducting disk, identical to the one introduced in Section III-C, buried 5 cm under the ground-air interface. Although a large hole on the surface creates its own peaks in all three plots of Fig. 12(a) and complicates the detection, the conducting disk is still clearly identified in all three plots. However, for the dielectric disk results in Fig. 12(b) , the reflections from the large surface holes are dominant in the overall scattered signal. Although a small peak is observed at the location of the dielectric disk in the constant-position energy plot, Fig. 12(b) does not reveal the existence of any specific buried target in the ground.
IV. CONCLUSION
In this paper, the use and importance of realistic ground models in the 3-D FDTD simulations of GPR problems are demonstrated. Lossy ground models are employed in order to simulate the ground humidity. Inhomogeneities with arbitrary and random permittivity and conductivity values are embedded in the ground. Additionally, surface roughness is modeled by placing scatterers with permittivity and zero conductivity on the ground-air interface. The effects of loss, heterogeneity, and surface roughness of the ground are demonstrated and explained by using the results of the GPR simulations. The benefits and shortcomings of a simple detection algorithm in processing the GPR data involving heterogeneous ground models are exemplified. The humidity and heterogeneity of real-life soils should be taken into account in the design of practical GPRs and in the development of high-performance detection and fusion algorithms running on those GPRs. The simulation results presented in this paper demonstrate the main features of such realistic ground models, and therefore, can be used in subsequent design efforts.
Exploiting the flexibility of the 3-D FDTD method, the GPR unit is modeled as a TR configuration with conducting shields coated with absorbers employed to reduce the direct coupling to the receiver. The PML ABC is used to simulate these absorbers inside the FDTD computational domain. In addition, the PML ABC is also used at the borders of the FDTD computational domain to terminate the layered background medium, which is formed by the lossy ground and the air (vacuum). The buried objects are modeled as rectangular prisms and cylindrical disks with arbitrary conductivities and permittivities.
